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Abstract 
Toxic heavy metals in air, soil, and water are global problems that are a growing threat to 
humanity. As the increase in industrial technology continue to progress, it results in the increase 
in heavy metal pollution, creating harmful effects on humans, plants, and animals. Since toxic 
metals do not degrade easily, they accumulate over time, posing greater danger to living 
organisms. Removal of these heavy metals is therefore, of great importance. Though many 
research studies successfully utilized UV photocatalysis using TiO2 catalyst for the removal of 
Cd
2+
, none have performed the photo-reduction of Cd
2+
 under visible light. The objective of the 
present research is to study the photocatalytic removal of Cd
2+
 from aqueous solution under solar 
(UV + visible) light spectrum, along with the adsorption of Cd
2+
 onto TiO2. In order to utilize 
visible light for the photocatlytic process, Eosin-Y dye-sensitized TiO2 is used. In order to obtain 
an accurate understanding of the dye-sensitization process, the effect of parameters such as pH, 
TiO2 concentration, Cd
2+
 concentration, dye concentration, initial concentration of organic 
additives, and the light intensity were studied. Overall, a 95% removal of Cd
2+
 was possible with 
dye-sensitized TiO2 under visible light and 98% removal was obtained with UV light photo-
reduction of Cd
2+
 with TiO2 as catalyst. 
 
Keywords: Solar, visible, dye sensitization, Eosin-Y, photocatalysis, TiO2, photo-reduction, 
adsorption.  
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Nomenclature 
 
[Cd
2+
]  Cd
2+
 concentration     parts per million (ppm)  
Ce  equilibrium concentration    ppm 
e
-
  electron 
Eg  band gap energy     eV 
EY  eosin-Y dye 
EY
*
  excited state of eosin-y 
EY
+
  oxidized state of eosin-y 
FA  Formic acid 
h
+
  hole 
k1  proportionality constant 
kad  Langmuir constant     L/mg 
Kad  Lagergren rate constant    min
-1
 
KF  Freundlich constant for adsorption capacity  mg/g 
K2  pseudo-second-order rate constant of adsorption mg/g min 
•
OH  hydroxyl radical 
Q  maximum adsorption capacity   mg/g 
qe  amount of Cd
2+
 adsorbed at equilibrium  mg/g 
qt  amount of Cd
2+
 adsorbed at time, ‘t’   mg/g 
t  time       min 
TEOA  Triethanolamine 
TEOA
+
 oxidized state of triethanolamine 
 
Acronyms 
 
AM  Air Mass 
CCD  Charge Couple Devices 
ICP-OES Inductively Coupled Plasma Optical Emission Spectroscopy 
PZC  Point of Zero Charge 
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Chapter 1: Introduction 
 
1.1 Background 
Heavy metals such as cadmium, lead, copper, zinc, and nickel exist as natural elements in the 
earth's crust. Growth in industrial activities such as, metal plating, production of cadmium-nickel 
batteries, zinc refining, and mining has caused the biochemical imbalance of these naturally 
existing heavy metals. The continuous release of heavy metals into the environment results in 
their accumulation due to non-degradability. Heavy metals exist both in water-soluble and 
insoluble form. Heavy metal ions dissolved in wastewater, exist in cationic form such as Cd
2+
, 
Pb
2+
 and Hg
2+
 (Lewinsky, 2007). Industrial wastewater can be categorized into two types: 
inorganic and organic. Based on the industry, a variation in the type of wastewater being released 
is inevitable. For example, photo processing shops release effluents, containing silver, while, 
pulp and paper industry produces effluents containing chloride organics, dioxins and suspended 
solids. The electroplating industry is another example, where, the wastewater contains 
chromium, nickel and cadmium. Cadmium compounds are extremely toxic and can be found in 
wastewaters produced by various industries.  Therefore, continuous exposure to cadmium can 
cause lethal health problems in living organisms.   
 
According to Lenntech (2013), exposure to cadmium can occur through air, intake of food, and 
through drinking water. It also states that cadmium enters the human body mainly through the 
intake of food such as mushrooms, mussels, shellfish, dried seaweed and cocoa powder. These 
foods are rich in Cd
2+
 and can increase the Cd
2+
 level in the human body. Fertilizers and the 
release of sewage sludge into the soil increase the cadmium levels in the food grown in these 
soils. Smoking is another source of cadmium exposure resulting in significantly high cadmium 
levels in the human body (World Health Organization, 2010). The level of cadmium in the body 
of a smoker can be twice that of a non-smoker. Cadmium is first transported to the lungs by the 
tobacco smoke. Then, blood transports the cadmium to the rest of the body.  Cadmium, already 
present in the body through the consumption of cadmium-rich food combined with the cadmium 
from smoking can cause severe damage to the human health. Exposures to high levels of 
cadmium can also occur in people living near hazardous waste sites or near factories releasing 
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cadmium to the atmosphere. People working in the industry of metal refining will also be 
exposed to high level of cadmium. Breathing cadmium causes severe damage to the lungs and 
can even cause death. Blood transports cadmium into the liver, where it is transported to the 
kidneys. When cadmium is accumulated in the kidneys, the filtering mechanism is damaged 
resulting in the elimination of vital proteins and sugars from the body promoting kidney damage. 
Some of the many other influences of human exposure to cadmium are; diarrhea, bone fracture, 
damage to the central nervous system, damage to the immune system, and cancer development 
(Lenntech, 2013).   
  
Incineration of municipal waste and fossil fuels contribute to the largest sources of airborne 
cadmium in the environment. Industrial activities, producing cadmium rich waste streams are a 
source of cadmium in soil. Some of the industries that produce cadmium rich waste streams 
include, zinc production, phosphate ore implication and bio industrial manure (Lenntech, 2013). 
The production of artificial phosphate fertilizers provides another important source of cadmium 
emission to the environment. When a fertilizer containing cadmium is applied, part of it ends up 
in the soil while the rest gets into the surface waters. When adsorbed by sludge, cadmium can be 
transported over a large distance, thus, polluting surface waters as well as soils. Organic matters 
in soil, strongly adsorbs cadmium. Cadmium uptake by plants is enhanced in acidified soil 
posing danger to the animals surviving on plants (World Health Organization, 2010). Cadmium 
bio-accumulates in aquatic organisms such as mussels, oysters, shrimps, lobsters, and fish. 
Freshwater organisms are more prone to cadmium poisoning compared to the salt-water 
organisms. 
 
Due to the high toxicity of cadmium; it is of great importance to remove it before being 
discharged into the environment (Kadirvelu et al., 2001; Williams et al., 1998). Some of the 
commonly used techniques for heavy metal removal from wastewater are; adsorption, chemical 
precipitation, ion-exchange, membrane separation, reverse osmosis, and solvent extraction (Wan 
Ngah & Hanafiah, 2008). According to Lewinsky (2007), chemical precipitation is the most 
commonly used method for heavy metal removal from waste water. The most commonly used 
chemicals in this process are sodium carbonates, caustic and lime. On the contrary, Bai & 
Bartkiewicz (2008) states that ion exchange is commonly used as the most effective process in 
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drinking water purification and in the chemical process industries for the removal of hazardous 
substances at very low concentrations. Fu and Wang (2011), states; adsorption is an effective and 
an economic technique for the treatment of heavy metals in wastewater. This process most often 
is able to produce high quality treated effluents and provides flexibility in design and operation. 
Furthermore, since adsorption can sometimes be reversible, the adsorbents are able to be 
regenerated with the use of the appropriate desorption process. Most of these techniques have 
drawbacks. Some of the drawbacks are the costly disposal as the effluents contain a high 
concentration of heavy metals, the requirement of pretreatment and the hazardous by-products. 
Therefore, it is of great importance to develop an efficient technique for the treatment of heavy 
metals in wastewater.  
 
Heterogeneous photocatalysis in the presence of a semiconductor photocatalyst has been studied 
for the treatment of heavy metals in wastewater (Turchi & Ollis, 1989; Fox et al., 1991; Chen et 
al., 2008). Photocatalysis is the activation of a semiconductor photocatalyst under the 
illumination of light to enable oxidation/reduction reactions. When a semiconductor is 
illuminated with light, it adsorbs energy greater than its band gap energy and transfers an 
electron from its valence band to its conduction band. The generation of electron-hole pairs will 
then take part in either reduction or oxidation reactions. In the process of heavy metal removal, 
metal reduction is of importance. Compared to the conventional wastewater treatment processes 
mentioned above, photocatalysis enables the reduction of metal ions to their elemental state. 
Heterogeneous photocatalysis is believed to occur at the surface of the semiconductor. Therefore, 
binding of adsorbents (metal ions) to the semiconductor surface is important. Adsorption allows 
for the binding of metal ions to the catalyst surface. Hence, adsorption plays an important role in 
the photocatalytic reduction of metal ions. Heavy metal removal via adsorption and 
photocatalysis would therefore, facilitate for an efficient reduction and recovery of dissolved 
metal ions from wastewater.  
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1.2 Scope of the Thesis 
This thesis consists of 6 chapters. Chapter 1 introduces the research which includes the 
background information on: wastewater containing metals, health issues and environmental 
impact, conventional removal methods, and the concept of heterogeneous photocatalysis. 
Following chapter 1, chapter 2, states the objective and the novelty of the present study. 
Literature review performed is discussed in chapter 3. The primary topics covered in this chapter 
are: heavy metal pollution, adsorption of heavy metals, factors affecting adsorption, 
fundamentals of semiconductor photocatalysis, solar vs. visible light photocatalysis, and dye-
sensitization. Chapter 4 consists of the reagents used and the procedure employed in the 
experiments. The results obtained from the performed experiments are discussed in chapter 5. 
Chapter 6 concludes this research study with recommendations for future work.  
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Chapter 2: Research Objectives 
 
2.1 Objectives  
The primary objective of this research was to study the Cd
2+
 removal from aqueous solution via 
solar photocatalysis. To enable the photo-reduction of Cd
2+
 under visible light, dye-sensitized 
photocatalyst was utilized. For the dye-sensitization, eosin-Y dye and TiO2 semiconductor 
photocatalyst were employed. Cadmium nitrate tetrahydrate [Cd(NO3)2.4H2O] was used as the 
source of Cd
2+
 in aqueous solution. Before conducting dye-sensitized photo-reduction of Cd
2+
, 
adsorption study was performed on Cd
2+
-TiO2 combination followed by UV photo-reduction of 
Cd
2+
 with TiO2 as the photocatalyst. The specific objectives of this work are to study the effect 
of: 
1. Light intensity   
2. pH 
3. Initial concentration of organic additives (formic acid and triethanolamine) 
4. TiO2 concentration 
5. Initial eosin-y concentration 
6. Initial Cd2+ concentration, on the rate of Cd2+ photo-reduction.  
 
2.2 Novelty of the Research 
UV photocatalysis using TiO2 has extensively been studied in the field of drinking and 
wastewater treatment that include treatment of numerous heavy metals. The drawback of UV 
light photocatalysis for the photocatalytic treatment of wastewater is its narrow wavelength range 
which is only about 4% of the complete solar spectrum. Visible light, on the other hand, amounts 
to 46 % of the complete solar spectrum. Therefore, to enable the reduction of heavy metals using 
visible light illuminated photocatalyst would be a breakthrough in the field of water treatment. 
The present study aims the photo-reduction of Cd
2+
 ions from aqueous solution into its non-toxic 
Cd
0
 form utilizing a dye-sensitized TiO2 catalyst. Eosin-Y dye is employed for the dye-
sensitization of TiO2. Therefore the originality of the present study is made possible by the 
utilization of Eosin-Y sensitized TiO2 for the photo-reduction of Cd
2+
 under visible light.  
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Chapter 3: Literature Review  
 
3.1 Pollution by Heavy Metals & Their Environmental Impacts 
The industrial technology continues to progress resulting in the release of different contaminants 
into the environment. Heavy metals are one of the most harmful releases from the industry as it 
can be detrimental if they exceed maximum allowable concentration limits (Ozer et al., 1998). 
Heavy metals such as lead, cadmium, zinc, copper and arsenic are emitted by sources such as 
industrial wastes from mining sites, domestic waste water, run off from roads, and manufacturing 
and metal finishing plants (Abdul Jameel et al., 2012). In addition, according to Bhattacharyya 
(2002), metals are also released to the environment from natural resources such as, biological 
activity, forest fires, volcanic eruptions, and sea spray. Since toxic metals do not degrade, it 
poses even greater danger to organisms as it accumulates over time (Torab-Mostaedi et al., 
2010). Even at low concentrations in soils, these toxic metals can cause major damage to human 
health or to ecosystem stability, which has become the main problem of heavy metal pollution in 
the environment (Morais Barrosl et al., 2006; Ong et al., 2007). For example, the world-shocked 
itai-itai disease was due to cadmium intoxication (Dou & Li, 2012). Not only is the exposure to 
heavy metals a threat to human health but also to the global environment. For example, in the 
case of coastal and marine pollution, the implications on health of ecosystems and its organisms 
were fund to be significant (Shiel et al., 2012). One such example of the effect of cadmium 
pollution on local fisheries and their economies is discussed in (Shiel et al., 2012). It states that 
in the years 1999-2000, Hong Kong has rejected shipments of oysters from British Colombia 
(B.C.), Canada, due to the high Cd
2+
 limit of 2 µg g
-1
 wet weights. The high Cd
2+
 limits in 
oysters generated economic concerns, as there was the possibility of losing markets that support 
the expansion of agricultural industry as well as health concerns due to the consumption of B.C. 
oysters.  
 
The journal paper titled “Cadmium exposure pathways in a population living near a battery 
plant” (Hellström et al., 2007), assessed the relative impact of different Cd2+ exposure pathways 
and the contribution of locally produced root crops and vegetables to the dietary intake of Cd
2+
. 
492 individuals from Sweden, living near a closed down battery factory was used for the study. 
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Cd
2+
 in urine of the 492 individuals was determined, and an environmental exposure index was 
created. In addition, dietary data were collected through questionnaires and samples of soil were 
collected from 37 gardens and analyzed for Cd
2+
. The results showed that, the consumption of 
locally grown vegetables and root crops were the major Cd
2+
 exposure pathway for people living 
near the nickel-cadmium battery plant. As expected, vegetables grown from areas near the 
battery plant had the most Cd
2+
 concentration and those who were consuming vegetables from 
these gardens were the most exposed to Cd
2+
. Therefore, continuous intake of these vegetables 
poses a greater threat to the health of those individuals consuming them.  
 
Cadmium, a relatively rare element, has an abundance of 0.1-0.5 ppm (parts per million) in the 
Earth’s crust. Due to its association with zinc sulphide, it is often found as a by-product in zinc 
production from its ores (Nguyen, 2006). Cadmium production and its uses have increased the 
cadmium level in the environment therefore; strict regulations are developed for the acceptable 
environmental cadmium limits (DeZuane, 1997), as well as cleaner wastewater treatment 
methods are developed for the removal of cadmium (Nguyen, 2006). Since cadmium is one of 
the metals of strategic value, the importance to develop a treatment technology by which 
cadmium can be recovered is of high priority. Adsorption has been widely used as a technique 
for the treatment of cadmium. In adsorption, however, the cadmium ions (Cd
2+
) are only being 
captured by the TiO2 surface and will still exist in their toxic form. Therefore, it is important to 
develop a method where Cd
2+
 can be reduced to Cd
0
 state which is non-toxic. The photocatalytic 
process is considered to be a promising technology in addressing these requirements. 
Heterogeneous photocatalysis is believed to occur in the surface of the TiO2 molecules; 
therefore, adsorption coupled with photocatalysis was one of the best methods for the removal of 
Cd
2+
.  
 
3.2 Heavy Metal Treatment by Adsorption  
Adsorption is an effective and an economic technique for the treatment of heavy metals in 
wastewater. This process often enables the production of high quality treated effluents and 
provides flexibility in design and operation. Furthermore, since adsorption can sometimes be 
reversible, the adsorbents are able to be regenerated with the use of appropriate desorption 
process (Fu & Wang, 2011). Adsorption can be described as the accumulation of solute 
8 
 
molecules at an interface. These interfaces can be liquid-liquid, liquid-solid, gas-liquid or gas-
solid (Lewinsky, 2007). Adsorbent surfaces are usually heterogeneous. Adsorption, as 
mentioned, is the binding of molecules or particles (particles/molecules of the desired heavy 
metal/s) at any of the interfaces mentioned above. The material being adsorbed is referred as the 
“adsorbate” while the interface or the adsorbing phase is referred as the “adsorbent”. In 
chemisorption (chemical adsorption), the transfer of electrons from the adsorbate into atoms or 
radicals occurs. These radicals are bound separately. In physical adsorption, both adsorbent and 
adsorbate are preserved. Physical adsorption is much faster than the chemical adsorption and 
some of the differences between physical and chemical adsorption are shown in table 3-1 below. 
Physical adsorption is employed in commercial adsorbents while catalysis employs 
chemisorption (Lewinsky, 2007). The following section discusses the different types of 
adsorbents developed for the removal of heavy metals. 
 
Table 3-1: The differences between chemical and physical adsorption (Lewinsky, 2007). 
Chemical adsorption Physical adsorption 
High heat of adsorption Low heat of adsorption 
Highly specific Non-specific 
May involve dissociation No dissociation of adsorbed species 
Possible over a wide range of temperature Significant only at relatively low temperatures 
Activated, may be slow and irreversible Non-activated, rapid and reversible 
Electron transfer in order for bond formation No electron transfer 
  
3.2.1 Adsorption of Cd2+ onto Different Adsorbents 
There are many different types of adsorbents produced for the removal of heavy metals. 
Primarily these adsorbents include, activated carbon produced by using numerous materials of 
biological origin, dead-biomass, industrial waste, and organic waste etc. Apart from these types 
of adsorbents, low cost products such as clay, fly ash, zeolite, chitin, seaweed/algae, and lignin 
have also been studied for the heavy metal removal as described in Lewinsky (2007). The 
authors of the paper entitled, “Removal of heavy metal ions from wastewater by chemically 
modiﬁed plant wastes as adsorbents: A review” (Wan Ngah & Hanafiah, 2008), compiled an 
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extensive list of plant wastes as adsorbents. Some of these adsorbents include, rice husks, fruit 
wastes, sawdust, spent grain, sugarcane bagasse, and weed. Some of the treated adsorbents 
showed good adsorption capacities for heavy metals such as Cd, Cu, Pb, Zn and Ni. Naiya et al., 
(2009), studied the adsoprtion of Cd
2+
 and Pb
2+
 on activated alumina and the authors showed the 
activated alumina was a suitable adsorbent in the wastewater treatment process. In addtion, in the 
photocatalytic processes for heavy metal removal (Cd
2+
, Pb
2+, etc…), TiO2 acts as both an 
adsorbent as well as the catalyst (Nguyen, 2006; Chu et al., 2007).  
 
3.2.2 Factors Affecting Adsorption 
Adsorption is influenced by many parameters in the solution. In particular these are; pH of the 
solution, amount of adsorbent present, contact time between the adsorbate and the adsorbent, and 
the amount of adsorbate present in the solution. The solution pH plays an important role in the 
adsorption process as it translates to the point of zero charge (pzc) of the adsorbent. Point of zero 
charge represents the pH at which a surface has zero charge. For Degussa P25 TiO2, the pzc was 
obtained at a pH of 6.9 (Dutta et al., 2004). At a pH below 6.9, the TiO2 surface is positively 
charged and at a pH above 6.9, TiO2 surface is negatively charged. Hence at alkaline pH, a better 
Cd
2+
 adsorption can be expected in the process of Cd
2+
 adsorption onto TiO2 surface. Therefore, 
amount of adsorbent present for the adsorption process is of significance. The higher the 
concentration of an adsorbent, the higher is the surface area available for adsorption; therefore, 
the greater is the adsorption efficiency. The contact time for the adsorption process also plays an 
important role. As the contact time increases, more adsorbates will be adsorbed onto the surface. 
Initially, the rate of adsorption is faster. Later, as the adsorbent surface continues to saturate with 
the adsorbate, the rate decreases until equilibrium between the adsorbent and the adsorbate is 
reached. This is referred to as the “adsorption equilibrium”. Therefore, in the adsorption study, it 
is important to obtain the adsorption equilibrium time. Finally, the adsorbate concentration of the 
solution will also affect the adsorption efficiency. For example, for a fixed adsorbent 
concentration, if the adsorbate concentration is increased, the efficiency of adsorption is expected 
to be low. Since the surface area of the adsorbent is limited, the amount of un-adsorbed particles 
increases, which corresponds to lower adsorption efficiency.  
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3.3 Fundamentals of Semiconductor Photocatalysis 
3.3.1 Basic Concept 
Photocatalysis can be described as a combination of catalysis and photochemistry, implying that 
in order to execute a chemical reaction both light and catalysis are required (Bhattacharyya, 
2002). It is well known that photocatalysis is the acceleration of a photoreaction by the use of a 
catalyst. In heterogeneous photocatalysis, semiconductors are used as catalysts due to their 
specific characteristics such as greater light absorption and charge transport characteristics 
(Nguyen, 2006). During the photocatalysis, the catalyst is conserved and carries out both 
oxidation and reduction simultaneously. Some of the advantages of photocatalytic processes as 
stated in Nguyen (2006) are the low cost and the ability to utilize solar light, the simultaneous 
occurrence of oxidation and reduction reactions and the simultaneous treatment of water 
containing: organic, inorganic and biological contaminants, and the ability to carry out the 
process in aqueous solutions, gas phase and in organic liquids. However, photocatalytic process 
also has limitations: water needs to be pre-treated before photocatalysis. Water needs to be at 
least partly transparent in the spectral region for the semiconductor catalyst to absorb the light 
intensity. Another limitation is that, in some cases, the rate of organic mineralization is quite 
slow (Herrmann et al., 1993).  
 
3.3.2 Applications of Semiconductor Photocatalysis 
Heterogeneous photocatalysis is of great importance in water purification (Turchi & Ollis, 1989; 
Fox et al., 1991). The conventional removal techniques employed in wastewater treatment such 
as precipitation, electrowinning, ion exchange, and membrane separation have several 
drawbacks. Some of these are the requirement of pretreatment, hazardous by-products, and 
costly disposal as stated in the thesis “Thermodynamic analysis on removal of toxic metals from 
wastewater by photocatalysis” by Bhattacharyya (2002). It also states that semiconductor enables 
the removal of metals and destroys the organic pollutants simultaneously. In the conventional 
processes mentioned earlier, the metal ions are simply being removed from the solution but will 
remains in its toxic form. In Cd
2+
 adsorption onto TiO2, for example, Cd
2+
 will only be removed 
from the solution by adsorption onto the TiO2 surface. Therefore, in the adsorbent, Cd
2+
 remains 
as it is. In photocatalytic processes however, the metal ions are reduced to their non-toxic form. 
Therefore, heavy metal removal via adsorption and photocatalysis enables the removal and 
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recovery of dissolved metal ions from wastewater and reduce them to a pure or zero valence 
state. 
 
3.3.3 The Use of Semiconductors as Photocatalysts 
Semiconductors are capable of absorbing light and converting it to electrical and chemical 
energy (Finkela, 1983). Solids with band gap energy (Eg) less than 3 eV are generally considered 
semiconductors (Serpone et al., 1987). Semiconductors employed in photocatalysis should be 
photoactive, should be able to utilize visible and/or near UV light, should be inert both 
biologically and chemically, should be photo-stable, and should be economical (Rajeshwar, 
1995). The most commonly used semiconductor in photocatalytic processes is TiO2. However, 
the large band gap of TiO2 makes its activation possible only under UV light. In solar spectrum 
less than 5% is UV light and above 40% is visible light. Therefore, if sunlight is to be used, TiO2 
shows poor photocatalytic performance. Several oxides such as, ZnO, CdS, WO3, ZnS, and iron 
oxides have been studied for photocatalytical processes.  However, all of them have drawbacks 
compared to TiO2 as shown in the table 3-2 below. 
 
Table 3-2: Drawbacks of some of the semiconductors investigated (Nguyen, 2006). 
Semiconductors Investigated Drawback compared to TiO2 
ZnO (3.2 eV) Unstable in aqueous solution 
CdS (2.4 eV) Suffer from photoanodic corrosion 
ZnS (3.6 eV) Suffer from photoanodic corrosion 
WO3 (2.8 eV) Less photoactive 
Iron oxides (3.1 eV) Prone to photocathodic corrosion 
 
3.3.4 TiO2 as a Semiconductor Photocatalyst 
Titanium dioxide (TiO2) is the most popular and useful semiconductor used for removal of heavy 
metals in water by photocatalytic reduction (Prairie et al., 1993; Serpone et al., 1987). TiO2 is 
non-toxic, cost effective, chemically and biologically inert and stable in terms of photo-corrosion 
and chemical corrosion (Hoffmann et al., 1995). Hoffmann et al. (1995), states that TiO2 has two 
crystallographic forms: rutile and anatase. Anatase form has a band gap of 3.23 eV and rutile has 
a band gap of 3.02 eV in the near-ultraviolet region of the spectrum. Anatase is less stable and 
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has higher surface area and surface density compared to rutile. This may be due to lower 
temperatures (<600
o
C) for anatase formation.  In addition, electrons generated in the conduction 
band and the holes generated in the valence band of TiO2 are strong reducers and oxidants 
respectively.  
 
Degussa P25 TiO2 is commonly used in environmental applications, and has 80% anatase form 
and 20% rutile form with an overall TiO2 purity of 99.5% (Mills & Le Hunte, 1997). Nguyen 
(2006), states that P25 is non-porous with a specific surface area of 50 ± 15 m
2
/g and an average 
diameter of 21 nm. Numbers of reasons have been given by (Mills and Le Hunte, 1997) for the 
exceptionally high photoactivity of P25 TiO2. These include the existence of both anatase and 
rutile forms, high crystallinity and the possible inclusion of small amounts of dopant impurities, 
all of which provides better separation of electron-hole pairs. 
 
3.3.5 Mechanism of Heterogeneous Photocatalysis 
A semiconductor has a valence band and a conduction band. They are separated by a region free 
of energy levels. This region is denoted as the band gap energy (Eg). When irradiated with solar 
light, the semiconductor absorbs energy that is greater than its band gap energy. This causes the 
activation of the semiconductor resulting in the transfer of electrons (e
-
). Electrons are 
transferred from the valence band of the semiconductor onto the conduction band of the 
semiconductor. This transfer of an electron results in the generation of a hole (h
+
) in the valence 
band. These electrons and holes separate and transfer to the TiO2 surface participating in 
oxidation/reduction reactions. Electrons in the conduction band will be used in a redox reaction 
with the metal ions adsorbed on the surface of the semiconductor and the holes in the valence 
band will be used in an oxidation reaction. Also, the recombination of the electron-hole pair is 
also possible if no electron acceptor or an electron donor is present in the solution (Prairie et al., 
1993).   
 
Electron-hole pairs generated through the photo-activation of a semiconductor are almost 
immediately recombined (Di Paola et al., 2012). This recombination prevents the oxidation and 
reduction reactions required for the degradation of pollutants. Therefore, the electron-hole pair 
must be stopped from recombining. This is obtained by trapping either the photogenerated 
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electrons or the photo-generated holes (Fox & Dulay, 1993). In many studies (Chowdhury, 2012; 
Nguyen, 2006; Bhattacharyya, 2002), explained that holes react with water and produce 
hydroxyl radicals (
•
OH). The generation of the hydroxyl radical takes place at the valance band 
of the semiconductor. These hydroxyl radicals oxidize dissolved organic compounds and convert 
them to carbon dioxide (CO2), water (H2O) and other inorganic products. The electrons on the 
other hand, combine with dissolved oxygen to form superoxide anions and H2O2 which after 
further reactions also forms hydroxyl radicals. In addition to the formation of superoxide, 
dissolved metal ions gets reduced by the electrons. The reduction of metal ions to its valence 
state is the primary focus of this research. In order for the redox reaction between metal ions 
(Cd
2+
 in this case) and electrons to occur it is important to prevent the electron-hole 
recombination by scavenging the holes that are generated. This can be accomplished by the use 
of a hole scavenger such as formic acid (FA). The photocatalysis mechanism is demonstrated in 
figure 3-1.  
 
 
Figure 3-1: Schematic representation of the photocatalytic process for Cd
2+
/TiO2 system 
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3.3.6 Reactions Involved in Heterogeneous Photocatalysis 
The removal of metals from water occurs in two main steps. First, it is the physical adsorption of 
metal ions onto the surface of the semiconductor photocatalyst by Van der waals forces. Next, it 
is the photo-reduction of these metal ions from a higher oxidation state to a lower oxidation state 
due to the activation of the semiconductor photocatalyst. The reactions involved in 
semiconductor photocatalysis (Nguyen, 2006) are shown below.  
    
     
→       
     
    (3-1)  
            (3-2) 
                    
   (3-3) 
              (3-4) 
Reaction 3-1, demonstrates the generation of electron-hole pairs induced by the illumination of 
TiO2 in UV light. After the electron-hole pair separation, the combination of holes with water to 
form hydroxyl radicals is shown by reaction 3-2. Reaction 3-3, shows the formation of carbon 
dioxide, water, and organic acids when the hydroxyl radicals react with the formic acid in the 
solution. The photo-generated electrons in the conduction band are used by the metal ions (Cd
2+
) 
and get reduced to Cd
0
 which is the non-toxic form of cadmium as shown by reaction 3-4.   
 
3.3.7 Effect of Process Conditions on Semiconductor Photocatalysis 
Conditions such as pH, photocatalyst loading, adsorption of substrate and the presence of oxygen can 
have a significant effect in the performance of the semiconductor photocatalytic process. 
 
Effect of pH 
Solution pH has a strong influence on the particle size, surface charge, and band edge position of 
TiO2. For Degussa P25 TiO2, the point of zero charge (PZC) was obtained at a pH of 6.9 (Dutta et al., 
2004). This indicates that at pH > pHPZC, the interaction of the TiO2 with electron donor and acceptor 
cations is favored. Similarly, for anionic electron donors and acceptors, a lower pH (pH < pHPZC)  is 
favored. In this study Cd2+ would preferably be adsorbed at high pH. This also relates to substrate 
adsorption which was discussed in the section 3.2.2. The energy of the conduction and valence bands 
in the semiconductor can also be influenced by the solution pH as well as the size of the 
semiconductor aggregates. Mills and Le Hunt (1997) observed that aggregation was most 
pronounced at the point of zero charge.   
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Effect of Photocatalyst Concentration 
Nguyen (2006), states that the initial reaction rate is proportional to the concentration of the catalyst, 
but above a certain concentration, the reaction rate becomes independent. The catalyst concentration 
is also depended on the geometry and the working conditions of reactors. Herrmann (1999) found 
that the maximum concentration of TiO2 for a fixed bed is 1.3 mg/cm
2, while that for experiments 
with batch reactors is 2.5 g/L. It is important to obtain the optimum catalyst concentration for a 
photocatalytic reaction to avoid wastage of catalyst. Furthermore, it ensures that the maximum 
amount of TiO2 is illuminated as a higher concentration of catalyst could result in light scattering, 
resulting in low photon efficiency.  
 
Effect of Substrate Adsorption 
As heterogeneous photocatalysis occurs at the surface of the semiconductor photocatalyst, it is of 
great importance to study the ability of the substrate to adsorb or be adsorbed onto the photocatlyst 
surface (Kormann et al., 1991). If the substrate is incapable of being adsorbed onto the surface, the 
photocatalysis process will be inefficient. Similarly, if the substrate is readily adsorbed onto the 
surface of the photocatalyst, more substrate will be oxidized/reduced by the electron/hole at the 
catalyst surface resulting in a more efficient photocatalytic process.  
Effect of Dissolved Oxygen 
In photo-reduction processes, the presence of dissolved oxygen significantly reduces the reduction 
rate. When oxygen is present in the system, it competes with the metal ions for the photo-generated 
electrons (Litter, 1999), resulting in a limited electron availability for the metal reduction as 
compared to the metal reduction in the absence of dissolved oxygen. Therefore, it is important to 
ensure the absence of dissolved oxygen to enhance the metal reduction process by purging the 
solution with inert gasses such as nitrogen or argon. 
 
3.4 Solar vs. visible light photocatalysis 
As described in Chowdhury (2012), solar energy is generated by the sun through a 
thermonuclear process, where, hydrogen is converted to helium every second. Solar radiation to 
the earth’s surface occurs through both direct and diffuse radiation. Direct radiation is when the 
solar radiation enters the earth surface without being absorbed or scattered, while diffuse 
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radiation is when the solar radiation is dispersed before reaching the earth’s surface. 
Electromagnetic radiation created through the thermonuclear process includes visible, infrared, 
and ultraviolet radiation. The spectrum of solar light radiating on the Earth's surface mostly 
spread across the visible and near-infrared regions with a small range in the near-ultraviolet. In 
heterogeneous photocatalysis, the catalyst is continuously irradiated with light that has energy 
greater than the band gap energy of the catalyst as discussed earlier. When the recombination of 
electron-hole pair is prevented, they migrate to the catalyst surface and partake in pollutant 
degradation through oxidation or reduction of the pollutant. Only about 4% of the solar spectrum 
is in the ultraviolet range, therefore, in solar light illuminated photocatlytic processes, TiO2 can 
utilize only a small fraction of solar light. To overcome this problem, the catalysts capacity to 
adsorb light should be extended. 
 
For phenol degradation, semiconductor photocatalysts have been improved to increase their 
photo-activity under the visible light region as stated by Chowdhury (2012).  He also states that 
these improvements were obtained by doping with cations/anions or coupling with a 
semiconductor with a small band gap. Chowdhury (2012), also states that most of these 
techniques are costly and time-consuming. Dye-sensitization, a new and a simpler technique, 
enables TiO2 activation to wavelengths longer than that of UV (visible light). Dye-sensitization 
is inexpensive and efficient. Therefore, it has been reported as an innovative technology that 
could perform a significant role in the future of semiconductor photocatalyst (Ni et al., 2007). 
 
3.5 Dye-sensitization  
3.5.1 Introduction 
Photocatalysis is an established technology where the catalyst, excited due to light energy, 
produces electron-hole pairs that are used in the detoxification of pollutants. Degradation of 
pollutants under UV light photocatalysis is already proven to be an effective method as discussed 
earlier. The drawback of UV light photocatalysis relates to its narrow wavelength range (4 % of 
the solar spectrum). Therefore, the interest in research to employ visible light (46 % of solar 
spectrum) for excitement of semiconductors continues to increase. 
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Employing visible light photocatalysis has two significant drawbacks. They are rapid 
recombination of electron-hole pairs and poor activation of the semiconductor photocatalyst. In 
order to overcome these obstacles, modifications have been made to improve the photocatalytic 
activity under visible light. Some of these modifications include implantation of metal ions, 
doping with cation/anion, dye-sensitization, and coupling with a semiconductor that has a small 
band gap (Hodes & Gratzel, 1984). This review will first describe the basic phenomena for dye-
sensitization and brief methodologies used for different semiconductor materials such as ZnO, 
TiO2, and Cu2O. 
 
3.5.2 Dye-sensitization Theory 
Spectral sensitization is the process of broadening the sensitivity of a transparent semiconductor 
material to the visible spectra. Similarly, dye-sensitization is the sensitization of a large band gap 
semiconductor to the visible region at the molecular level (Trillas et al., 1992). In dye-
sensitization, chemical adsorption of the dye onto the semiconductor surface takes place. These 
chemisorbed dye molecules play the role of spectral sensitizer. As described by Alemany et al., 
(1997), when the dye is illuminated under visible light, it is excited. The excited dye injects 
electrons into the conduction band of the semiconductor. This is also known as anodic 
sensitization. Cathodic sensitization is when the adsorbed dye molecule injects holes into valance 
band of the semiconductor (Augugliaro et al., 1988). In this review only the anodic sensitization 
is considered. The energy level of the dye and the band position of the semiconductor determine 
whether the sensitization is anodic or cathodic. For better electron injection, in anodic 
sensitization, the energy level of the excited state dye molecule should be comparable with lower 
level of the conduction band of the semiconductor (Augugliaro et al., 1988). Chowdhury (2012), 
states that the charge collection problem experienced by the dye molecules in the electrolyte 
solution is overcome by securing the dye molecules on the semiconductor surface, which has 
been accomplished by either chemisorption or by some form of derivatization. Matsumura, 
Nomura, and Tsubomura (1977), investigated the possibility of chelate formation on the 
semiconductor surface and the visible light sensitization of ZnO by certain azo dyes. In addition, 
colloidal TiO2 sensitization by 8-hydroquinoline for hydrogen generation from water under 
visible light irradiation was also studied by Kalyanasundaram and Gratzel (1993) and Houlding 
and Gratzel (1983). 
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3.5.3 Selection of Dye 
Chowdhury (2012) discusses some of the semiconductor sensitizers used by other authors.  Some 
of these sensitizers include phalocyanines, coumarin, porphyrins, and carboxilate derivatives of 
anthracine. Across the entire visible range, these transition metals undergo intense charge 
transfer absorption (polo et al., 2004). Ru
2+
 polypyridine complexes were mainly used in dye 
sensitized solar cells. The presence of heavy metals in the ruthenium polypyridyl complex makes 
it environmentally unfriendly and the synthesizing process of the complex is not only 
complicated but also cost effective. Chowdhury (2012), utilized eosin-y dye for a successful 
hydrogen generation with platinum coated TiO2 (Pt/TiO2). Eosin-y is an organic dye which 
makes it environmentally friendly. It is also inexpensive and has been widely used in hydrogen 
generation. Eosin-y dye is employed in this study of photo-reduction of Cd
2+
 under visible light. 
 
3.5.4 Mechanism of Dye-sensitization 
In dye sensitization, the dye is adsorbed on to the semiconductor surface, and forms a dye-
sensitized semiconductor film which adsorbs the visible light efficiently. When the dye is 
exposed to the visible light, it is excited and releases electron into the conduction band of the 
semiconductor (in this case, TiO2) while getting oxidized. The electrons in the conduction band 
are then used by the metal ions for the reduction process. In the present study, eosin-y (EY) dye 
was used as the sensitizer. In the sensitization process, it is important for the dye to be in its 
ground state, because, the excitation of the dye is only possible from the ground state of the dye 
and the injection of electrons to the conduction band of TiO2 is only possible from the excited 
state of the dye (EY*). In order to re-generate the dye from its oxidized state (EY
+
), an electron 
donor can be utilized. In this study, triethanolamine (TEOA) was used as the electron donor. The 
electron donor reduces the dye back to its ground state while being oxidized. The above 
mentioned mechanism is shown in figure (3-2) below. 
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Figure 3-2: Mechanism of dye-sensitized photocatalysis 
  
3.5.5 Reactions Involved in the Dye-sensitization process 
Dye sensitization process can be expressed in few consecutive steps. First, it is the excitation of 
dye molecules by the adsorption of visible light. This is shown by reaction (3-5). Next is the 
sensitization of semiconductor (TiO2) with excited dye species as shown by reaction (3-6). The 
regeneration of the oxidized dye with the help of the electron donor is shown by reaction (3-7). 
Finally, the reduction of metal ion (Cd
2+
) to its non-toxic form (Cd
0
) is given by equation (5-8). 
In these reactions, EY represent eosin-y dye at ground state, EY
*
 represent the dye in its excited 
state and EY
+
 is the oxidized state of the dye. Ttriethanolamine was used as the electron donor 
and is represented as TEOA. 
 
   
              
→              (3-5) 
        (   
 )       (3-6) 
                   (3-7) 
             (3-8) 
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3.5.6 Effect of Process Conditions on Dye-sensitized Photocatalysis 
The use of Eosin-Y-sensitized TiO2 for the reduction of Cd
2+
 under visible light has never been 
studied before. Even though the dye-sensitization process is quite straight forward, it is expected 
to observe changes in the performance of visible light photocatlytic process with changes in 
parameters of the solution. These parameters include: the solution pH, concentration of dye, 
concentration of semiconductor catalyst, the intensity of visible light, concentration of metal ions 
in the solution, and the presence of an electron donor in the system. Thus, the efficiency of the 
dye-sensitized photocatalysis under visible light is a function of all the above mentioned 
parameters which will be studied during the visible light photocatalytic experiments performed 
in this research. 
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Chapter 4: Experimental Materials & Methods 
 
4.1 Analytic Instruments Used and Analysis Method Employed 
4.1.1 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 
Inductively coupled plasma optical emission spectroscopy, was used in this study, for the 
analysis the Cd
2+
 concentrations before and after experiments. The model used in this project 
was, Vista-pro CCD simultaneous ICP-OES. Cadmium can be analyzed up to 0.2 ppb (parts per 
billion) level according to ParkinElmer Inc. (2013). Sigma detection limits for some of the 
metals including Cadmium, is provided in table 4-1 adopted from Varian (2013). The ICP-OES 
in this study utilizes the axial configuration out of the three possible configurations: axial, radial, 
and combination of axial and radial. Axial viewing, which looks down the central channel of the 
plasma, provides the best sensitivity and detection limits that are 10 times more effective 
compared to the radial viewing (ParkinElmer Inc., 2013). It also provides more light which 
enhance the detection limit of a sample. Axial viewing can be used to detect samples with lower 
initial concentrations 
 
Table 4-1: Sigma detection limits of Vista MPX instruments (Varian, 2013) 
Element 
Wavelength 
(nm) 
Direction limit (µg/L) 
Axial Radial 
Ag 328.068 0.5 1 
Al 396.152 0.9 4 
As 188.98 3 12 
Ba 233.527 0.1 0.7 
Ca 396.847 0.01 0.3 
Cd 214.439 0.2 0.5 
Co 238.892 0.4 1.2 
Cr 267.716 0.5 1 
Cu 327.395 0.9 1.5 
Zn 213.86 0.2 0.8 
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The general steps of the ICP are demonstrated in figure 4-1. The first step is to draw the sample 
that is to be analyzed. Once the sample is drawn, it is introduced into the spray chamber. Before 
entering the spray chamber, the sample must be converted to a mist which is performed by a 
nebulizer. Once in the spray chamber, large and uneven droplets are filtered and sent to the 
plasma ( Thermo Fisher Scientific, 2013). The plasma generates temperatures of around 8000
o
C, 
and at this temperature all the elements in the sample are excited (ICP-OES Overview, 2013). 
The excited elements emit light with specific wavelengths corresponding to different elements. 
The lights emitted by different elements are collected by the spectrometer and sent to the 
detector, where, the intensities of all these wavelengths are measured (ICP-OES Overview, 
2013). These measured intensities are compared with the standard intensities of known 
concentration which enables the determination of the concentration of the element/s of interest in 
the unknown solution (ParkinElmer Inc., 2013). 
 
 
Figure 4-1: Simplified drawing of a basic ICP unit (Chemiasoft, 2013). 
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4.2 Light Source for Photocatalysis  
The simulated solar light was generated using a solar simulator (Model: SS1KW, Sciencetech, 
ON, Canada). The radiation emitted by the sun falls onto the earth’s surface through direct and 
scattered. The solar simulator uses air mass (AM) filters to duplicate the direct and scattered 
radiation. The direct radiation is duplicated using a direct (D) filter and the scattered radiation is 
duplicated using a global (G) filter. This particular solar simulator uses a 1000W Xe arc lamp 
and an AM 1.5G filter. When in full power, this solar simulator can produce a simulated sunlight 
of 100 mW/cm
2
. Figure 4-2 below, shows the solar simulator setup utilized in this project. 
 
 
Figure 4-2: Solar simulator 
 
 
 
 
 
 
24 
 
4.3 Reagents Used  
Table 4-2: Chemical reagents used during the experiments 
Chemical reagent used Source 
Degussa P25 TiO2 Evonik Degussa Corporation, USA 
Milli-Q water Thermo Scientific, USA 
Trizma base (pH 7-9) Sigma Aldrich, USA 
Sodium Hydroxide (NaOH) Sigma Aldrich, USA 
Hydrochloric acid (HCL) Sigma Aldrich, USA 
Formic acid Sigma Aldrich, USA 
Eosin-Y Sigma Aldrich, USA 
Triethanolamine Sigma Aldrich, USA 
Cadmium nitrate tetrahydrate (Cd(NO3)2.4H2O), 
(98% purity) 
Sigma Aldrich, USA 
 
4.4 Experimental Procedure 
The objective of this study is the reduction of Cd
2+
 from aqueous solution via adsorption and 
solar photocatalysis. In order to achieve this purpose, first adsorption study was performed for 
Cd
2+
 with TiO2 as the adsorbent. Next photocatalysis experiments were carried out with solar 
and visible light radiation. A UV cut-off filter was used during the visible light photocatalysis to 
obtain the visible range from the complete solar spectrum. This section will describe in detail, 
the experimental procedures for the three sets of experiments.  
 
4.4.1 Adsorption study 
In this work, the following experiments were performed for adsorption study. 
 Adsorption equilibrium time 
 The effect of: 
o  pH 
o TiO2 concentration 
o Initial Cd2+ concentration  
 
25 
 
Adsorption Equilibrium Time  
0.2 M Triz buffer solution was prepared by adding 9.69 g of Triz base into 400 mL of milli-Q 
water. The initial pH of the solution was 9.058. Next, 40 ppm-Cd
2+
 was prepared by mixing 
43.91 mg of Cd salt [Cd(NO3)2.4H2O] in the 400 mL Triz solution. The solution was well mixed 
using a stirrer, and 50 mL samples were poured into 6 conical flasks labeled, 0.5 h, 1 h, 2 h, 3 h, 
4 h, and 5 h. Each flask would therefore, contain 50 mL of 40 ppm-Cd
2+
 solution at pH 9. Next, 
500 mg of TiO2 was measured into 6 measuring disks. 500 mg of TiO2 in 50 mL is equivalent to 
10 g/L of TiO2. The maximum TiO2 concentration of 10 g/L was chosen as the TiO2 
concentration on the basis of literature review (Naiya et al., 2009; Nguyenet al., 2003; Özverdi & 
Erdem, 2006). Each 500 mg adsorbent was added to the 6 conical flasks with 50 mL Cd
2+
 and 
immediately transferred into a shaker. The shaker was set at 170 rpm and the timer was started. 
The conical flasks were taken at time intervals as labelled and 10 mL samples were filtered for 
analysis using the ICP-OES. The adsorption equilibrium time was 1.5 h based on the results 
given in chapter 5. 
  
The effect of pH  
Based on literature (Torab-Mostaedi et al., 2010; Garg et al., 2008; Ozer et al., 1998), a pH range 
from 4 to 9 was chosen. For pH 4 to 6, sodium acetate was used as the buffer and the pH was 
adjusted using 0.1 M acetic acid. A stock solution of 0.1 M sodium acetate was prepared by 
mixing 3.4 g of C2H3NaO2 in 250 mL of milli-Q water. Next, 27.44 mg of Cd
2+
 salt was added 
and thoroughly mixed to obtain a 40 ppm stock solution of Cd
2+
 in 250 mL buffer solution. 50 
mL samples were divided into 4 conical flasks and the pH was adjusted from 4 to 6 using 0.1 M 
acetic acid. For pH 7 to 9, 4.85 g of Triz base was mixed in 200 mL of milli-Q water and 21.95 
mg of Cd
2+
 was added and thoroughly mixed before dividing it into 3, 50 mL samples. The pH of 
each sample was adjusted at pH 7, 8, and 9 using 0.1 M NaOH or 0.1 M HCL. During the pH 
adjustments, the beaker containing the solution was half filled and the pH was adjusted by 
adding the appropriate reagent drop wise. Once the desired pH was reached, the beaker was 
filled to the desired volume with the remaining solution. Using this method, seven, 50 mL 
solutions of 40 ppm-Cd
2+
 were prepared with the desired pH range (4-9). 500 mg of TiO2 was 
measured and added into each of the 7 conical flasks. The reaction was shaken at 170 rpm for 3 h 
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(3 h was used to ensure the complete adsorption) and 10 mL samples were filtered and stored for 
analysis. 
 
The effect of TiO2 concentration  
A stock solution containing 0.2 M Triz buffer in 500 mL was prepared and 54.88 mg of Cd
2+
 was 
added to obtain 40 ppm-Cd
2+
 concentration. The pH of the solution was around 9. The solution 
was well mixed and 50 mL samples were poured into 8 conical flasks labeled: 0.5, 1, 2, 3, 4, 6, 8, 
and 10 g/L TiO2. Next, TiO2 was added to its respective solution according to table 4-3. The 8 
conical flasks were then transferred to the shaker, and the adsorption reaction was carried out for 
3 h at 170 rpm. After the reaction, 10 mL samples were drawn, filtered, and stored for analysis.  
 
Table 4-3: Amount of TiO2 required for the desired TiO2 concentration 
Desired TiO2 dosage (g/L) 
Amount of TiO2 added per 50 mL Cd
2+
  
solution (mg) 
0.5 25 
1 50 
2 100 
3 150 
4 200 
6 300 
8 400 
10 500 
 
The effect of initial Cd
2+
 concentration 
During this experiment, pH was maintained at 7 using Triz buffer and 50 mL solutions of 
roughly 5, 15, 35, 50, 75, 85, and 100 ppm-Cd
2+
 concentrations were prepared according to table 
4-4 given below. 500 mg of TiO2 was added to each conical flask and they were transferred to 
the shaker operating at 170 rpm. After the reaction was carried out for 3 h, 10 mL samples were 
drawn from each conical flask, filtered, and stored for analysis.  
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Table 4-4: Amount of Cd
2+
 salt added to obtain the desired initial Cd
2+
 concentration 
Desired initial Cd
2+
 concentration (ppm) 
Amount of Cd
2+
 salt added per 50 mL 
Cd
2+
 solution (mg) 
5 0.69 
15 2.06 
35 4.80 
50 6.86 
75 10.29 
85 11.66 
100 13.72 
 
4.4.2 Solar Photocatalysis  
During this study, formic acid (FA) was chosen as the hole scavenger based on literature review 
(Nguyen, 2006; Nguyen et al., 2003; Muggli & Backers, 2002) and the effects of following 
parameters were studied. 
 Solar intensity 
 pH 
 Initial FA concentration 
 TiO2 concentration 
 Initial Cd2+ concentration 
 
All the solutions were prepared with approximately 40 ppm initial Cd
2+
 concentration. For the 
effect of solar light intensity study, the intensity was adjusted at 40, 60, 80, and 100 mW/cm
2
. 
For the experiments that studied the effect of pH, a pH range from 6 to 9 was used and the pH 
was adjusted with 0.1 M NaOH and/or 0.1 M HCL. Most of the experiments were carried out 
with 500 ppm FA concentrations except, during the, ‘effect of initial FA concentration’ 
experiments. The amount of FA added per 210 mL Cd
2+
solution is shown in table 4-5. Similarly 
tables 4-6 and 4-7 show the amount of initial Cd
2+
 and the amount of TiO2 added for the 
experiments: effect of initial Cd
2+
 concentration and effect of TiO2 concentration respectively.  
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Table 4-5: Amount of FA required for the desired FA concentration 
Desired FA concentration (ppm) 
Amount of FA required per 210mL  
of Cd
2+
 solution (µL) 
250 43.91 
500 87.78 
1000 175.64 
 
Table 4-6: Amount of Cd
2+
 salt required for the desired initial Cd
2+
 concentration 
Desired initial Cd
2+
  
concentration (ppm) 
Required Cd
2+
 per 210 mL  
milli-Q water  (mg) 
20 11.6 
40 23.5 
50 28.81 
60 34.9 
80 46.3 
100 57.7 
 
Table 4-7: The amount of TiO2 required for the desired TiO2 concentration 
Desired TiO2  
concentration (g/L) 
TiO2 required per 200mL  
Cd
2+
 solution (mg) 
0.5 100 
1 200 
1.5 300 
2 400 
3 600 
 
Once 40 ppm of 210 mL Cd
2+
 solution was prepared, FA (500 ppm) was added to the solution 
for expriments under solar radiation. The pH of the solution was adjusted as desired, using 0.1 M 
NaOH and/or 0.1 M HCL. Next, a 10 mL sample was drawn from the solution and stored. This 
sample was analyzed to obtain the intial Cd
2+
 concentration of this reaction. Following this, TiO2 
was added as desired and the solution was sonicated for 5 min before transfering to the reactor 
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shown in figure 4-3. The reactor was left for 1 h of adsorption (dark reaction) and a 10 mL 
sample was taken at the end of the adsoprtion reaction. Once the sample was taken, the reactor 
was tightly closed and the nitrogen (N2) supply was connected to the bottom of the reactor as 
shown in figure 4-4. N2 valve was opened to begin the purging process. Purging was carried out 
for 30 min and the reactor was transfered the solar simulator. Photocatalysis was carried out for 3 
h before taking the final 10 mL sample, corresponding to the final Cd
2+
 concentration. pH of the 
final solution was measured before discarding the solution. During these experiments, a color 
change was observed. The initial milky white solution will turn gray at the end of the 
photocatalysis reaction. Previous studies have observed the color change of the TiO2 suspensions 
during the Cd
2+
 photo-reduction process (Nguyen, 2006). The color change is due to the metal 
deposition onto the TiO2 surface.  
 
Figure 4-3: Reactor used during photocatalytic experiments 
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Figure 4-4: Assembly for the N2 purging 
 
4.4.3 Visible Light Photocatalysis 
For the visible light photocatalysis experiments, a UV cut-off filter (Omega optical, USA) was 
used to obtain the visible light spectrum. Triethanolamine (TEOA) was selected as the electron 
donor and eosin-Y (EY) was selected as the dye (for dye-sensitization of TiO2). The effects of 
following parameters were studied.  
 Visible light intensity 
 pH 
 Initial TEOA concentration 
 TiO2 concentration 
 Initial EY concentration 
 Initial Cd2+ concentration 
 
The amounts of TiO2 and Cd
2+
 added follow tables 4-6, and 4-7 since these experiments were 
performed similar to the solar photocatalysis experiments. In addition to those experiments 
studied during the solar photocatalysis, two additional sets of experiments were performed, to 
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study the effect of TEOA concentration and the effect of EY concentration on Cd
2+
 photo-
reduction. The amounts of TEOA and EY added per 210 mL Cd
2+
 solution are given in tables 4-
8 and 4-9 respectively.   
 
Table 4-8: Amount of TEOA added to obtain the desired TEOA concentration 
Desired TEOA  
concentration (M) 
Required TEOA per  
210 mL Cd
2+
 solution (g) 
0 - 
0.1 3.211 
0.2 6.09 
0.3 9.63 
 
Table 4-9: Amount of Eosin-Y dye added to obtain the desired Eosin-Y concentration 
Desired EY  
concentration (ppm) 
Required EY per  
210 mL Cd
2+
 solution (mg) 
0 - 
5 1.06 
15 3.2 
25 5 
35 7.2 
 
Once 40 ppm of 210 mL Cd
2+
 solution was prepared, 0.2 M TEOA and 25 ppm EY dye was 
added for experiments under visible light radiation. The pH of the solution was adjusted as 
desired, using NaOH and HCL. Next, 10 mL sample was taken and stored for analysis. TiO2 was 
added as desired (table 4-7), and the solution was sonicated for 5 min before transfering to the 
reactor (figure 4-3). The reactor was left for 1 h of adsorption (dark reaction) and a 10 mL 
sample was taken at the end of the adsoprtion reaction. Similar to the experimets under solar 
light, N2 was purged for 30 min, and reactor was transferred to the solar simulator. As previously 
stated, the UV cut-off filter eabled the visible light radiation required. When the filter was placed 
inside the reactor, the light passing through the filter blocks the UV wavelength of the solar 
spectrum producing the required visible radiation. Photocatalysis was carried out for 3 h under 
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visible light and a 10mL sample was filtered and stored for analysis. This 10 mL sample 
corresponds to the final Cd
2+
 concentration. During this experiment, the initial orange/pink 
solution turned to luminous green after photocatalysis reaction. This can be corresponded to the 
de-bromination of  the dye.  
 
4.4.4 Genral prcedure carried out for photocatalysis experiments. 
Both solar and visible light photocatalysis followed a general procedure during their respective 
studies as shown. It is important to note that the 30 min N2 purging was carried out to ensure the 
absence of dissolved oxygen (O2) in the solution. When dissolved oxygen is present in the 
solution, the O2 will also compete with the Cd
2+
 for the electrons generated by the photocatalyst 
or the dye. This result in poor percent removal of Cd
2+
 from the solution as the electrons 
available for the reduction process is limited. When N2 is purged though the solution, it 
eliminates any dissolved O2. This ensures that the electrons generated during the photocatalytic 
process is available only for the Cd
2+
 and therefore enable a better Cd
2+
 photo-reduction.  
 
 
 
Preperation of Cd2+ 
solution & pH 
adjustment 
Withdraw 10 mL 
sample, filter, and 
store for analysis 
TiO2 addition & 
sonication 
1 h adsorption & 
10 mL sample 
withdrawal 
30 min purging 
with N2 
3 h photocatalysis 
under solar/visible 
radiation 
Filter 10 mL 
sample and store 
for analysis  
Check final pH of 
remaining solution 
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Chapter 5: Results and Discussion 
 
Inductively coupled plasma (ICP) analysis can detect Cd
2+
 in three different wavelengths; 
214.439 nm, 226.502 nm and 228.802 nm. Table 5-1 shows the calibration data obtained under 
the three wavelengths. The graphs produced using table 5-1 gave regression (R
2
) values of 
0.9967 for 214.439nm, 0.9991 for 226.502nm, and 0.9995 for 228.802nm. As all three graphs 
gave a regression (R
2
) closer to 1, it was further proved that the data analyzed under the three 
wavelengths were consistent. The results presented in this chapter correspond to data obtained at 
228.802 nm wavelength.  
 
Table 5-1: Data obtained for standard graphs under 3 wavelengths of ICP 
Prepared Cd
2+
 
concentration (ppm) 
Analyzed Cd
2+
 concentration (ppm) 
214.439 nm 226.502 nm 228.802 nm 
0 0 0 0 
1.875 1.8 1.9 1.9 
3.25 3.6 3.6 3.6 
7.5 7.3 7.4 7.4 
15 14 14.4 14.4 
30 28.3 28.6 28.9 
60 63.3 60.5 60.1 
 
5.1 Adsorption of Cd2+ over TiO2  
5.1.1 Adsorption Equilibrium Study  
After preparing the samples as described in chapter 4, and analyzing them, final Cd
2+
 
concentrations of each sample were obtained. In literature, adsorption equilibrium studies were 
conducted for a range of time from 60 min (1 h) up till 360 min (6 h) (Ahmad et al., 2005; Alver 
& Metin, 2012; Al-Tohami et al., 2013; Gao et al., 2009). Even though in most of these studies, 
the equilibrium was reached within 1 h to 2 h, the present adsorption equilibrium study for Cd
2+
 
was performed for 4 h for certainty.  
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As seen from table 5-2, the initial concentration of Cd
2+
 ([Cd
2+
]) was found as 42 ppm. The 
percent (%) removal of Cd
2+
 was calculated using the equation given below, and a sample 
calculation for data obtained at 1.5 h of adsorption can be found in the appendix.  
 
                        
                       
            
     
 
Table 5-2: Adsorption equilibrium study results 
Time (h) Cd
2+ 
concentration (ppm) Percent removal of Cd
2+
  
0 42.33 0  
0.5 5.91 86.04  
1 4.84 88.57  
1.5 0.77 98.19  
2 0.65 98.46  
3 0.63 98.51  
4 0.63 98.50  
(*Experimental conditions: pH~7, 10 g/L TiO2, 42 ppm initial Cd
2+
, 50 mL reaction volume) 
 
Figure 5-1 shows the adsorption equilibrium graph obtained by plotting values of time against 
the percent removal of Cd
2+
. From the graph it is observed that after 1.5 h of adsorption, the 
reaction has attained equilibrium as there was no further change in the percent removal of Cd
2+
. 
As previously mentioned, this result is in agreement with the literature, where the equilibrium 
was obtained within 1 to 2 h of experiment. Table 5-2 shows quite comparable values of percent 
removal of Cd
+2
 after 3 h and 4 h time intervals, whereas after 1.5 h and 2 h, percent removal of 
Cd
+2
 is found to be slightly changing. In order to ensure the complete adsorption of Cd
2+
 onto 
TiO2 surface, all the experiments in this section were run for a period of 3 h.  
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Figure 5-1: Adsorption Equilibrium Study 
(*Experimental conditions: same as Table 5-2) 
 
5.1.2 Effect of TiO2 Concentration  
Table 5-3 shows the calculated percent removal values for Cd
2+
 obtained for the effect of TiO2 
concentration experiment. Figure 5-2 demonstrates the removal of Cd
2+
 as a function of TiO2 
concentration. From the figure it can be seen that as the TiO2 concentration increases, the percent 
removal of Cd
2+
 also increase. The relationship between the two, however, is not linear. This is 
in accordance with (Yapar et al., 2005) for phenol removal and (Naiya et al., 2009) for Cd
2+
 and 
Pb
2+
 removal. The observation of the similar behavior between previous studies and the present 
study can be attributed to the effect of the interactions between the Cd
2+ 
particles and the TiO2. 
Increasing the TiO2 concentration corresponds to the availability of larger surface area as well as 
more adsorbent sites for Cd
2+
 adsorption. Therefore, more Cd
2+ 
will be adsorbed onto the surface 
of the TiO2 resulting in an increase in the percent removal of Cd
2+
 from the solution.  At low 
TiO2 concentrations, the residual Cd
2+
 ion concentration in the solution is large as the TiO2 
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surface is already saturated with the Cd
2+
 ions. Further increase in TiO2 concentration only 
slightly increases the Cd
2+
 adsorption. This is due to the flocculation of TiO2 as observed by 
Shen (2002) and can be attributed to the intra-particle diffusion. This results in either equilibrium 
or a gradual decrease in Cd
2+
 adsorption, with the increase of TiO2 concentration.  
 
Table 5-3: Results obtained from experiment for effect of TiO2 concentration 
TiO2 concentration (g/L) 
Percent removal  
of Cd
2+
 
0 - 
0.5 16.02 
1 30.31 
2 52.93 
3 69.73 
4 80.80 
6 93.17 
8 96.58 
10 97.34 
(*Experimental conditions: pH~7, 3 h adsorption, 42 ppm initial Cd
2+
, 50 mL reaction volume) 
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Figure 5-2: Graph of percent removal vs. TiO2 concentration  
(*Experimental conditions: same as table 5-3) 
 
5.1.3 Effect of pH  
In this experiment, the effect of pH over a range of 4 to 9 was studied. From literature review 
(Torab-Mostaedi et al., 2010; Garg et al., 2008; Ozer et al., 1998), it was found that in acidic 
solution, TiO2 surface is in the form, TiOH
2+
. In this state it is difficult for the TiO2 to release 
electrons and OH radicals and adsorb the Cd
2+
.  The point of zero charge (PZC) for Degussa P25 
TiO2 was obtained at pH 6.9 (Dutta et al., 2004). This implies that the TiO2 surface is negatively 
charged at pH > 6.9 and positively charged at a pH < 6.9. In solutions of pH > 6.9, the negatively 
charged TiO2 surface readily releases electrons and OH radicals and easily adsorbs the Cd
2+
 ions. 
Hence at alkaline pH, a better Cd
2+
 adsorption is expected. After analyzing the samples, table 5-4 
was generated and the graph of percent removal of Cd
2+
 against pH was obtained as shown in 
figure 5-3.  
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Table 5-4: Results of effect of pH on Cd
2+
 adsorption 
pH Percent removal of Cd
2+
 
4 40.77 
5 49.83 
6 81.31 
7 96.53 
8 98.26 
9 99.98 
(*Experimental conditions: 10 g/L TiO2, 3 h adsorption, 41 ppm initial Cd
2+
, 50 mL reaction 
volume) 
 
 
Figure 5-3: Percent removal of Cd
2+
 vs. pH 
(*Experimental conditions: same as table 5-4) 
 
From the graph it can be seen that as the solution pH increases, the amount of Cd
2+
 adsorbed 
onto the TiO2 surface also increase, which complements the above mentioned results. From table 
5-4, it is observed that the difference in percent removal of Cd
2+
 from pH 7 to 9 is only by 3% 
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which shows that increasing the pH above 8 does not have a significant effect on the adsorption 
of Cd
2+
. According to Namasivayam & Ranganathan (1995) and Naiya et al. (2009), Cd
2+
 starts 
to precipitate as the pH of the solution increases to > 7. Therefore, after pH 7 there will not be a 
significant improvement in the adsorption of Cd
2+
. This effect can be seen from figure 5-3, as the 
percent removal of Cd
2+
 is almost constant from pH 7 to pH 9. Since an experiment under natural 
pH is favorable, pH 7 was selected as the solution pH for experiments forward.   
 
5.1.4 Effect of Initial Cd2+ Concentration  
For the experiment to determine the effect of initial Cd
2+
 concentration, the pH was maintained 
at 7 using Triz buffer and 50 mL solutions of Cd
2+
 concentrations ranging from 5 ppm to 105 
ppm  was prepared and the calculated percent removal of Cd
2+
 is given in table 5-5. 
 
Table 5-5: Results for the effect of initial Cd
2+
 concentration  
 
(*Experimental conditions: pH~7, 10 g/L TiO2, 3 h adsorption, 50 mL reaction volume) 
 
Figure 5-4 below, shows the graph drawn from percent removal of Cd
2+
 against the initial Cd
2+
 
concentration. As observed from the graph, when the initial Cd
2+
 concentration increases, the 
percent removal of Cd
2+
 decreases. The overall Cd
2+
 adsorption of greater than 90% could be 
attributed to the high concentration of TiO2 (10 g/L) used during the experiment. At the lowest 
initial concentration of 4.37 ppm, nearly perfect removal of Cd
2+
 was observed. Similar trend 
was observed in literature (Naiya et al., 2009-a), (Naiya et al., 2009-b) and (Garg et al., 2008), 
which proves that when there is more Cd
2+
 in the solution, it causes saturation of the binding 
Initial Cd
2+
 dosage (ppm) Percent removal of Cd
2+
 
4.37 99.97 
25.51 99.46 
38.63 99.21 
54.66 98.57 
77.25 95.44 
83.54 94.43 
106.4 93.85 
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sites. This results in more un-adsorbed Cd
2+
 in the solution. At low Cd
2+
 to TiO2 ratios, Cd
2+ 
adsorption involves higher energy sites where as at higher Cd
2+
 to TiO2 ratios the higher energy 
sites are saturated and adsorption begins on lower energy sites, resulting in decreases in the 
percentage removal of Cd
2+
 as observed in figure 5-4. 
 
 
Figure 5-4: Effect of initial Cd
2+
 concentration 
(*Experimental conditions: same as table 5-5) 
 
5.1.5 Adsorption Kinetics 
Lagergren model 
An adsorption process is generally controlled by three steps. The first step is the transport of the 
solute from the bulk solution into the layer that surrounds the adsorbent. Next is the transport of 
the solute from the layer to the adsorbent surface followed by the transport of solute from the 
surface to the internal sites (Renugadevi et al., 2011). The internal diffusion is only possible for 
porous adsorbents. TiO2 is considered as non-porous; therefore the adsorption process for TiO2 is 
controlled by the first two steps mentioned above. In order to determine the rate constant for the 
adsorption of Cd
2+
 onto TiO2, the Lagergren equation was used.  
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In an adsorption process, it is assumed that the rate (dqe/dt) is proportional to (qe - qt), where, qe 
and qt represent the amount of Cd
2+
 adsorbed at equilibrium and at time, t, respectively. Using 
proportionality constant, k1, the following differential equation can be obtained (Tseng et al., 
2010).  
 
   
  
   (     )          (5-1) 
 
The integral form of the pseudo-first order and the pseudo-second order Lagergren models are 
expressed below by equation (5-2) and (5-3) respectively. Lagergren rate constant is represented 
by Kad (min
-1
) and pseudo-second-order rate constant of adsorption is represented as K2 ((mg/g) 
min) (Naiya et al., 2009). Pseudo-first order plot is given by figure 5-5 and the pseudo-second 
order plot is given by figure 5-6 below. 
 
   (     )     (  )  
    
     
         (5-2) 
 
  
 
 
    
  
 
  
           (5-3) 
 
Kad from pseudo-first order plot was found to be 0.427 min
-1
. From the pseudo-second order plot 
qe and K2 were found as 4.299 mg/g and 1.507 mg/g min respectively. The correlation 
coefficients (R
2
) for pseudo-first and second order were obtained as 0.9711 and 0.9989 
respectively. R
2
 for pseudo-second order model indicates that it fits best with the experimental 
data compared to that of pseudo-first order. Therefore, it can be seen that adsorption of Cd
2+
 onto 
TiO2 follows a pseudo-second order model. This result is consistent with the study using saw 
dust and neem bark for adsorption of Zn
2+
 and Cd
2+
 (Naiya et al., 2009).  
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Figure 5-5: Plot for Lagergren pseudo-first order 
(*Experimental conditions: pH~7, 10 g/L TiO2 , ~40 ppm-Cd
2+
concentration, 50 mL reaction 
volume) 
 
Figure 5-6: Plot for Lagergren pseudo-second order 
(*Experimental conditions: same as figure 5-5) 
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5.1.6 Adsorption Isotherms 
Langmuir isotherm 
For the optimization of an adsorption process, it is important to describe the amount of adsorbate 
(Cd
2+
) adsorbed by a given amount of adsorbent (TiO2).  Langmuir isotherm, given by equation 
(5-4) was used to analyze the Cd
2+
 adsorption data. The Langmuir isotherm consists of 
assumptions: 
1. Monolayer adsorption occurs at binding sites 
2. No interactions between adsorbed molecules 
3. No transmigration of adsorbed molecules on the adsorption surface (de Luna et al., 2013).  
 
                 
  
  
 
 
    
 
  
 
       (5-4) 
 
Equation (5-4) can be rearranged to obtain: 
 
 
  
 (
 
    
) (
 
  
)  
 
 
          (5-5) 
 
Where, Ce (mg/L) and qe (mg/g) represents the equilibrium concentration of Cd
2+
 and the amount 
of Cd
2+
 adsorbed at equilibrium respectively. Q and kad is used to represent the maximum 
adsorption capacity (mg/g) and the Langmuir constant (L/mg) respectively. The graph of 1/qe vs. 
1/Ce obtained using the adsorption data is given by figure 5-7. Using the equation obtained from 
the graph, Q was found as 13.038 mg/g and kad was found as 0.426 L/mg for TiO2. The R
2
 for 
the Langmuir plot was found as 0.975.  
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Figure 5-7: Langmuir isotherm 
(*Experimental conditions: pH~7, 1 h reaction time, ~40 ppm-Cd
2+
concentration, 50 mL 
reaction volume) 
Freundlich isotherm 
Freundlich isotherm is an empirical equation which can be used to describe the adsorption 
equilibrium. It is given by equation (5-6) which is rearranged to obtain equation (5-7) shown 
below. KF (mg/g) and n represents the Freundlich isotherm constants incorporating the 
adsorption capacity and intensity of adsorption respectively (Naiya et al., 2009; de Luna et al., 
2013), state that at varying energy levels, the Freundlich isotherm assumes heterogeneous 
adsorbent surface with its adsorption sites. The adsorption data were fitted into the Freundlich 
isotherm to obtain figure 5-8. From the equation shown in figure 5-8, KF was found as 1.914 
mg/g and n was found as 3.105. The R
2
 was obtained as 0.986. If the value of n is between 1 and 
10 which corresponds to 1/n values < 1, it shows a favorable adsorption. In this adsorption study, 
1/n was calculated to be 0.322, which shows that the adsorption was favorable. R
2
 obtained with 
Freundlich isotherm shows a better data fit compared to that with Langmuir isotherm (0.975) 
indicating that adsorption of Cd
2+
 onto TiO2 follow Freundlich isotherm.  
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Figure 5-8: Freundlich isotherm  
(*Experimental conditions: pH~7, 1 h reaction time, ~40 ppm-Cd
2+
concentration, 50 mL 
reaction volume) 
 
5.2 Solar Photo-reduction of Cd2+ over TiO2  
5.2.1 Adsorption Equilibrium with FA  
It is important to carry out a dark reaction (adsorption reaction) of Cd
2+
 with TiO2 before, 
carrying out the photocatalysis reaction. To further elaborate, if photocatalysis of Cd
2+
 was 
performed without the dark reaction, it would be difficult to measure the amount of Cd
2+
 
reduction occurred due to photocatalysis alone. This is because both adsorption and reduction 
processes would take place simultaneously and the final Cd
2+
 reduction would be due to the 
result of both removal by adsorption and reduction by photocatalysis. Therefore dark reaction 
followed by photocatalysis would enable an accurate breakdown of the percent removal of Cd
2+
 
due to photocatalysis.  
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In photocatalysis, the generation of electron-hole pairs due to the illumination of TiO2 particles is 
well established. For the photo-reduction to take place, organic additives must be added as hole-
scavengers. According to studies conducted for the effect of methanol and FA on photo-
reduction (Tan et al., 2003; Nguyen et al., 2003; López-Munoz et al., 2011), it was found that FA 
enhanced the photo-reduction reduction process compared to methanol. Therefore, FA was 
chosen as the hole-scavenger. The adsorption equilibrium obtained with FA acid using data from 
table 5-6, is shown by figure 5-9, and the adsorption equilibrium was obtained after 1 h of 
reaction. The percent removal of Cd
2+
 was significantly lower than the percent removal values 
from table 5-2. This can be attributed to the lower TiO2 concentration (2 g/L) used during 
photocatlysis experiments when compared to the 10 g/L TiO2 concentration used during the 
adsorption study. In addition, the decrease in the equilibrium time for adsorption in the presence 
of FA (1 h) compared with the adsorption in the absence of FA (1.5 h) could be attributed to the 
presence of formate as a Cd
2+
 anchor, enhancing Cd
2+
 adsorption. Therefore, within a short 
period of time the equilibrium can be reached. A similar result was obtained by (Nguyen et al., 
2003).  
Table 5-6: Adsorption equilibrium data in the presence of FA 
Time (h) Percent removal of Cd
2+
 
0 - 
0.5 19.21 
1 19.13 
1.5 18.99 
2 19.75 
2.5 19.50 
(*Experimental conditions: pH~ 7, 500 ppm-C FA, 2 g/L TiO2, ~40 ppm initial Cd
2+
, 50 mL 
reaction volume) 
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Figure 5-9: Adsorption equilibrium graph with FA 
(*Experimental conditions: same as table 5-6) 
 
5.2.2 Determination of Illumination time on Cd2+ Solar Photo-reduction 
The purpose of this experiment was to decide the total time that the reactants should be 
illuminated under the solar radiation. It is essential to enhance the efficiency of a reaction while 
utilizing the sources available efficiently. In this project the most important source is the solar 
simulator which provides the required solar energy in order for the experiments to proceed. 
Therefore, it is necessary to utilize the light energy effectively. From table 5-7, it can be seen that 
the maximum percent removal of 89.73 was obtained after solar irradiation for 3 h. Therefore, 3 
h photo-reduction was carried out in the experiments forward. The initial milky white solution 
will turn gray at the end of the photocatalytic reaction. The color change is due to the deposition 
of metallic cadmium onto the TiO2 surface. Which further proves that the Cd
2+
 photo-reduction 
process has taken place. 
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Table 5-7: Effect of illumination time for Cd
2+
 photo-reduction under solar light 
Time (h) Percent removal of Cd
2+
 
0 - 
0.5 65.79 
1 72.93 
2 86.86 
3 87.73 
(*Experimental conditions: pH~ 7, 100 mW/cm
2
 solar intensity, 2 g/L TiO2, 500 ppm FA, ~40 
ppm initial Cd
2+
, 200 mL reaction volume) 
 
5.2.3 Effect of Solar Light Intensity 
It is of great importance to enhance the effective utilization of light energy for the photo-
reduction of Cd
2+
, as the use of higher light intensity causes energy waste instead of enhanced 
photo-reduction of Cd
2+
. This results in an increase in cost as well as an ineffective optimization 
study of our parameters. The effect of solar light intensity was studied over a range of 40 
mW/cm
2
 to 100 mW/cm
2
 and table 5-8 was generated. From the data, it can be observed that a 
maximum Cd
2+
 removal of 98% was achieved with a maximum light intensity of 100 mW/cm
2
. 
Hence, 100 mW/cm
2
 was used as the optimum solar intensity for the experiments to follow. 
 
Table 5-8: Effect of solar light intensity on photocatalysis of Cd
2
 
Solar intensity (mW/cm
2
) Percent removal of Cd
2+
 
40 80.85 
60 91.34 
80 94.89 
100 98.18 
(*Experimental conditions: pH 7.9, 500 ppm-C FA, 3 h photocatalysis, 2 g/L TiO2, ~42 ppm 
initial Cd
2+
, 200 mL reaction volume) 
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5.2.4 Effect of pH 
Since the photo-degradation of Cd
2+
 takes place on the TiO2 surface, pH of the solution is of 
significant importance. As mentioned earlier, the point of zero charge for TiO2 was found at 6.9, 
indicating that at pH > 6.9 the TiO2 surface will be negatively charged. The experiments were 
performed with a pH range from 5 to 9. Using the data obtained from analysis, table 5-10 was 
generated as shown below. 
 
Table 5-9: Effect of pH on photo-reduction of Cd
2+
 under solar light 
Initial pH Percent removal of Cd
2+
 
5 50.88 
7 99.23 
8 98.47 
9 98.01 
(*Experimental conditions: 500 ppm-C FA, 100 mW/cm
2
 solar intensity, 3 h photocatalysis, 2 
g/L TiO2, ~43 ppm initial Cd
2+
, 200 mL reaction volume) 
 
From the figure shown below, it can be seen that as the initial pH of the solution increases, there 
was an increase in the percent removal of Cd
2+
. In alkaline medium, the presence of high levels 
of hydroxyl ions (OH
−
) results in the formation of more hydroxyl free radicals (HO
•
). The 
generation of HO
• 
is a result of the photo-oxidation of OH
−
 by holes forming on the TiO2 surface. 
Therefore, at higher solution pH (pH > 7), the photo-reduction of Cd
2+ 
is accelerated due to HO
•
 
being the dominant oxidizing species in the photocatalytic process (Chu et al., 2007). Similar 
observations have been justiﬁed by Wong & Chu (2003) & Ollis (1985). Since a reaction with 
natural pH is favorable, initial solution pH of 7 was used in the experiments forward. 
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Figure 5-10: Effect of pH on photo-reduction of Cd
2+
 under solar light  
(*Experimental conditions: same as table 5-10) 
 
5.2.5 Effect of Initial FA Concentration 
As mentioned above, the addition of an organic additive would increase the photo-reduction 
process for Cd
2+
. Based on this fact, experiments were carried out to study the effect of initial FA 
concentration on the photo-reduction of Cd
2+
 and table 5-10 was generated as shown. There is a 
significant increase in the percent removal of Cd
2+
 for 250 ppm-C FA concentration when 
compared to that in the absence of FA. It can also be seen that a further increase in the FA 
concentration did not improve the photo-reduction process. Similar trend was observed by 
(Nguyen et al., 2003). For further experiments 500 ppm-C FA concentration was used. 
 
Table 5-10: Effect of Initial FA concentration on solar photo-reduction of Cd
2+
 
FA concentration (ppm-C) Percent removal of Cd
2+
 
250 85.77 
500 87.73 
1000 87.99 
(*Experimental conditions: pH~ 6.5, 100 mW/cm
2
 solar intensity, 2 g/L TiO2, ~40 ppm initial 
Cd
2+
, 200 mL reaction volume) 
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5.2.6 Effect of TiO2 Concentration  
The effect of catalyst loading on Cd
2+
 photo-reduction was carried out in a series of batch 
experiments with TiO2 catalyst. The catalyst loading was varied between 0.5 and 2 g/L, and 
figure 5-10 was obtained using experimental data. The graph shows that the percent removal of 
Cd
2+
 increased with increase in TiO2 concentration, but the increase was not linear as a plateau 
was reached around 1.5 g/L of TiO2 concentration. As described by, (Chowdhury, 2012), at a 
low TiO2 concentration, active sites control the photo-reduction process. Active sites are 
accessible to adsorption of light and reactant. As the catalyst concentration is increased, the 
solution turbidity increases resulting in an increase in the solar light scattering. The increased 
solar light scattering will reduce the transmission of solar radiation, resulting in lower percent 
removal of Cd
2+
. Therefore, a further increase of catalyst concentration would not have a 
significant improvement on the overall photo-reduction of Cd
2+
. Thus, a TiO2 concentration of 2 
g/L was used as the optimum catalyst concentration for future experiments.   
 
 
Figure 5-11: Effect of TiO2 concentration  
(*Experimental conditions: pH ~7.2, 500 ppm-C FA, 100 mW/cm
2
 solar intensity, 3 h 
photocatalysis, ~40 ppm initial Cd
2+
, 200 mL reaction volume) 
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5.2.7 Effect of Initial Cd2+ Concentration  
Determination of the effect of initial Cd
2+
 concentration on Cd
2+
 photo-reduction also plays an 
important role in determining the optimum parameters for the photo-reduction process. Figure 5-
12 below, shows that an increase in initial Cd
2+
concentration resulted in a decrease in the overall 
percent removal of Cd
2+
. The amount of Cd
2+
 in the solution when compared to the amount of 
catalyst which remained constant at 2 g/L was significant at higher initial Cd
2+
concentrations. 
The photo-reduction of Cd
2+
 may be demonstrated using the conduction band (CB) process 
shown by equations (5-7), (5-8), and (5-9) below. 
 
  (   )            (   )      (   
     
 )     (5-7) 
         
              (5-8) 
      
        
          (5-9) 
 
As the catalyst concentration was kept constant, the electrons available for Cd
2+
 reduction 
remained constant. Therefore, more Cd
2+
 in the solution would result in more Cd
2+
 ions 
remaining in the solution without being photo-reduced. This accounts for the decrease in the 
percent removal of Cd
2+
. Similar result was presented in Katson et al. (2011), for the degradation 
of trinitrophenol by TiO2 photocatalysis.  
 
Table 5-11: Effect of initial Cd
2+
 concentration on Cd
2+
 photo-reduction under solar light 
Initial Cd
2+
 concentration (ppm) Percent removal of Cd
2+
 
20 95.98 
40 92.84 
50 90.10 
60 82.23 
80 68.63 
100 52.89 
(*Experimental conditions: pH~7.3, 500 ppm-C FA, 100 mW/cm
2
 solar intensity, 3 h 
photocatalysis, 2 g/L TiO2, 200 mL reaction volume) 
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Figure 5-12: Graph of effect of initial Cd
2+ 
concentration under solar light 
(*Experimental conditions: same as table 5-11) 
 
5.3 Visible Photo-reduction of Cd2+ over Dye-sensitized TiO2  
5.3.1 Mechanism of Dye-sensitized Cd2+ Photocatalysis  
Dye-sensitization is the ability to enable the sensitization of a semiconductor with large band gap 
energy to the visible region, by means of a dye at the molecular level (Chowdhury, 2012). In the 
dye-sensitized photo-reduction of Cd
2+
, the EY dye which is adsorbed chemically onto the TiO2 
surface acts as a spectral sensitizer. Therefore, when illuminated under visible light, it injects 
electrons into the conduction band of the TiO2 semiconductor which then reduces Cd
2+
 to Cd as 
shown in figure 5-13.  
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Figure 5-13: Mechanism of dye-sensitized photocatalysis of Cd
2+
 
 
5.3.2 Effect of Illumination Time on Cd2+ Photo-reduction with TEOA/EY 
Similar to section 5.2.2, the effect of illumination time on Cd
2+
 photo-reduction was obtained 
under visible light with Triethanolamine (TEOA) and Eosin Y (EY) dye in the solution. From the 
data given in table 5-12, it can be seen that a maximum removal of Cd
2+
 was obtained for an 
illumination period of 3 h. No further improvement in the photo-reduction process was obtained 
by illuminating the solution for more than 3 h. Therefore, 3 h was selected as the illumination 
time for the Cd
2+
 photo-reduction process. The initial red solution turned luminous green, upon 
illumination (figure can be found in the appendix). This is due to the degradation of EY dye in 
the system. Similar observation was made by Liu et al. (2013). 
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Table 5-12: Illumination time data for visible light photo-reduction of Cd
2+
 
Time (h) Percent removal of Cd
2+
 
0.5 62.63 
1 65.79 
1.5 68.27 
2 71.23 
3 88.87 
(*Experimental conditions: pH~6.8, ~45 initial Cd
2+
, 2 g/L TiO2, 5 mg EY, 0.2 M TEOA, 100 
mW/cm
2
 visible light intensity, 200 mL reaction volume) 
 
5.3.3 Effect of Visible Light Intensity 
Similar to section 5.2.3, data were obtained for the effect of visible light intensity on the photo-
reduction of Cd
2+
 and table 5-13 was generated. Determining the optimum intensity for the 
photo-reduction process would increase the efficiency of our optimum parameters and also 
reduces cost. A UV cut-off filter was used in the solar simulator to obtain the visible spectrum 
from the solar spectrum of the solar simulator. From the data, it can be seen that a maximum 
Cd
2+
 removal of about 95% was achieved with the maximum light intensity of 100 mW/cm
2
. 
Hence, 100 mW/cm
2
 was used as the optimum visible light intensity for the experiments to 
follow. 
Table 5-13: Effect of visible light intensity on Cd
2+
 photo-reduction 
Intensity (mW/cm
2
) Percent removal of Cd
2+
  
40 64.95 
60 81.71 
80 88.42 
100 94.78 
(*Experimental conditions: pH~7.2, 5 mg EY, ~42 ppm initial Cd
2+
, 2 g/L TiO2, 0.2 M TEOA, 
200 mL reaction volume) 
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5.3.4 Effect of pH  
Effect of pH is an important study in photocatalytic reactions as it plays a major role in photo-
reduction reactions where the photo-degradation takes place on the catalyst surface (Chowdhury 
et al., 2012). The effect of pH study was conducted using a pH range from 6 to 9 and the result 
obtained is given in table 5-14. The data is consistent with the data for the pH study conducted in 
section 5.2.6 above. In alkaline medium, the presence of high levels of hydroxyl ions (OH
−
) 
results in the formation of more hydroxyl free radicals (HO
•
), where, HO
• 
generation is a result of 
the photo-oxidation of OH
−
 by holes forming on the TiO2 surface. Therefore, at higher solution 
pH (pH > 7), the photo-reduction of Cd
2+ 
is accelerated due to HO
•
 being the dominant oxidizing 
species in the photocatalytic process (Chu et al., 2007). Similar observations have been justiﬁed 
by Wong & Chu (2003) & Ollis (1985). Since a reaction with natural pH is favorable, initial 
solution pH of 7 was used in the experiments forward 
 
Table 5-14: Effect of pH on EY/TiO2 system under visible light 
pH Percent removal of Cd
2+
 
6 45.26 
7 98.18 
8 98.32 
9 94.11 
(*Experimental conditions: 5 mg EY, ~42 ppm initial Cd
2+
, 2 g/L TiO2, 0.2 M TEOA, 100 
mW/cm
2
 visible light intensity, 200 mL reaction volume) 
 
5.3.5 Effect of Initial Triethanolamine (TEOA) Concentration  
TEOA provides three vital roles in the visible light photo-reduction of Cd
2+
. It acts as a buffer, 
an electron donor and provides dye stability. As an electron donor, it provides electrons to EY
+
 
and converts it back to EY (Chowdhury, 2012). Experiments were carried out for a TEOA 
concentration range from 0 to 0.3 M and 0.2 M was found as the optimum TEOA concentration 
for the photo-reduction of Cd
2+
. Chowdhury (2012), also states, that at a pH of 7, TEOA exists as 
both protonated and deprotonated form. The protonated from of TEOA is a poor electron donor 
compared to the deprotonated form. The experiments performed had an average pH of 7.4. At 
this pH it can be expected that deprotonated form of TEOA is dominant compared to the 
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protonated form. Increasing the TEOA concentration would result in further increase in 
deprotonated form which is a better electron donor. The slight decrease in the percent removal 
for 0.3 M TEOA concentration can be attributed to the pH of the solution being lower than 7, 
where protonated form of TEOA dominated the deprotonated form. This results in TEOA as a 
poor electron donor which discourage the Cd
2+
 reduction.  
 
Table 5-15: Results from the effect of [TEOA] experiment 
TEOA concentration (M) Percent removal of Cd
2+
 
0 12.96 
0.1 79.71 
0.2 87.18 
0.3 76.44 
(*Experimental conditions: pH~7.4, ~40 ppm initial Cd
2+
, 2 g/L TiO2, 5 mg EY, 100 mW/cm
2
 
visible light intensity, 200 mL reaction volume) 
 
5.3.6 Effect of TiO2 Concentration  
Similar to section 5.2.5, the effect of initial catalyst loading on Cd
2+
 photo-reduction was carried 
out in a series of batch experiments with TiO2 as catalyst. The catalyst loading was varied 
between 0.5 and 2 g/L, and figure 5-14 was obtained using table 5-16 which shows the results 
from the effect of TiO2 on photo-reduction of Cd
2+ 
experiments. A similar trend to that of section 
5.2.5 is observed indicating that the percent removal increases with an increase in TiO2 
concentration. The decrease in the percent removal with further increase in TiO2 concentration 
can be due to the aggregation of TiO2 particles at high concentrations, decreasing the amount of 
active sites. Furthermore, at high catalyst concentrations there will be an increase in opacity and 
light scattering which results in the decrease in irradiation of visible light through the sample. 
This is consistent with previous studies by (Chowdhury et al., 2012; Chen & Ray, 1998). 
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Table 5-16: Effect of TiO2 concentration on Cd
2+
 photo-reduction under visible light 
TiO2 concentration (g/L) Percent removal of Cd
2+
  
0.5 26.31 
1 46.48 
1.5 60.53 
2 88.88 
3 86.40 
(*Experimental conditions: pH~7, ~45 ppm initial Cd
2+
, 0.2 M TEOA, 5 mg EY, 100 mW/cm
2
 
visible light intensity, 200 mL reaction volume) 
 
 
Figure 5-14: Effect of TiO2 concentration on Cd
2+
 photo-reduction under visible light 
(*Experimental conditions: same as table 5-15) 
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5.3.7 Effect of Eosin-Y (EY) Concentration  
In the study for effect of EY dye concentration on Cd
2+
 photo-reduction, dye concentration 
ranging from 0 ppm to 35 ppm was used. Dye sensitization makes for an excellent method to 
broaden the absorbance range of a photocatalyst. When the dye is exposed to visible light it is 
excited and the electron transfer takes place. Electrons are transferred from the excited sensitizer 
to the conduction band of the semiconductor photocatalyst (TiO2) (Chowdhury et al., 2013). The 
electron can then be used in the reduction of Cd
2+
 to Cd. All the experiments follow a 1 h dark 
reaction (adsorption) followed by 3 h photocatalysis. Therefore, the overall removal of Cd
2+
 is 
the combined result of adsorption and photocatalysis. To better demonstrate the effect of EY dye 
on the photocatalytic performance, table 5-17 below shows the percent removal values 
corresponding to only photocatlysis. From the results, it can be seen that an increase in EY 
concentration results in an increase in Cd
2+ 
photo-reduction which can be expected based on 
photocatalytic enhancement with dye-sensitization. The dye which is adsorbed onto the TiO2 
surface acts as a spectral sensitizer, thereby, encouraging the release of electrons when exposed 
to visible light.  
 
Table 5-17: Effect of eosin-y dye concentration on photo-reduction of Cd
2+
 
Eosin Y concentration (ppm) Percent removal of Cd
2+
  
0 1.16 
5 20.11 
15 55.41 
25 78.63 
35 89.29 
(*Experimental conditions: pH~7, ~47 ppm initial Cd
2+
, 2 g/L TiO2, 0.2 M TEOA, 100 mW/cm
2
 
visible light intensity, 200 mL reaction volume) 
 
5.3.8 Effect of Initial Cd2+ Concentration 
The effect of initial Cd
2+
 concentration on Cd
2+
 photo-reduction under visible light with EY/TiO2 
as catalyst is an important parameter. From the table 5-18, it can be seen that as the amount of 
initial Cd
2+
 increases and the amount of EY/TiO2 remains constant, the percent removal of Cd
2+
 
decreases. A similar trend was observed for the results obtained in section 5.2.7. Based on the 
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same theory as in section 5.2.7, the trend shown in figure 5-15 can be explained as follows. The 
amount of electrons donated by the catalyst will be limited as the number of Cd
2+
 ions in the 
solution increases. Therefore, the amount of Cd
2+
 ions remaining in the solution will continue to 
increase as the initial Cd
2+
 concentration increases which correspond to lower % removal of 
Cd
2+
. As the catalyst concentration was kept constant, the electrons available for Cd
2+
 reduction 
remained constant. Therefore, more Cd
2+
 in the solution would result in more Cd
2+
 ions 
remaining in the solution without being photo-reduced. This accounts for the decrease in the 
percent removal of Cd
2+
. Similar result was presented in (Katson, et al., 2011) for the 
degradation of trinitrophenol by TiO2 photocatalysis.  
 
Table 5-18: Effect of initial Cd
2+
 concentration on EY/TiO2 photocatalysis under visible 
light 
Initial Cd
2+
concentration (ppm) Percent removal of Cd
2+
  
20 90.23 
40 88.91 
60 68.65 
80 51.12 
100 44.82 
(*Experimental conditions: pH ~7, 5 mg EY, 2 g/L TiO2, 0.2 M TEOA, 100 mW/cm
2
 visible 
light intensity, 200 mL reaction volume) 
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Figure 5-15: Graph of effect of initial Cd
2+ 
concentration under solar light 
(*Experimental conditions: same as table 5-18) 
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Chapter 6: Conclusions & Recommendations 
 
6.1 Conclusions 
The objective of this research study was the reduction of Cd
2+
 from aqueous solution via 
adsorption and solar photocatalysis using TiO2 as the semiconductor phtocatalyst. TiO2 
photocatalysis under UV light for the removal of heavy metals has been extensively studied with 
successful results. However, the downside to utilizing UV-photocatalysis is its narrow 
wavelength range. UV light is only about 4 % of the complete solar spectrum. Visible light in 
contrast, amounts to 46 % of the complete solar spectrum.  Therefore utilizing visible light in the 
photocatalytic reduction of metal ions using TiO2 semiconductor photocatalyst would be a 
breakthrough in the field of water treatment. In order to serve this purpose, eosin-y sensitized 
TiO2 was employed in this study for the photo-reduction of Cd
2+
 under visible light irradiation. 
Below, lists the conclusions drawn from the experiments performed as described in chapter 4 and 
the results obtained from these experiments as discussed in chapter 5.  
 
 From the adsorption study performed for Cd2+ adsorption onto TiO2, the adsorption 
equilibrium was found at 1.5 h. This indicated that the maximum possible Cd
2+
 saturation 
on the TiO2 surface was attained after 1.5 h of adsorption reaction. 
 
 Parameters such as pH, TiO2 concentration, and initial Cd
2+
 concentration were studied 
for the effect they had on the percent removal of Cd
2+ 
by adsorption. Through these 
experiments the highest percent removal of Cd
2+
 was obtained with a solution that had a 
pH of 7, 10 g/L of TiO2, and an initial Cd
2+
 concentration of around 5 ppm. The highest 
percent removal of Cd
2+
 obtained was 99.97%.  
 
 Next, photo-reduction experiments were performed with TiO2, Cd
2+
, and formic acid 
(FA) under solar irradiation. FA was chosen as the hole scavenger. Effects of pH, solar 
light intensity, initial FA concentration, TiO2 concentration, and initial Cd
2+
 
concentration were performed and the highest percent removal of Cd
2+
 was 99.95%.  
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 From this set of experiments the optimum conditions were obtained as:  
 
 pH 7 
 100 mW/cm2 solar light intensity 
 2 g/L TiO2 concentration 
 20 ppm initial Cd2+ concentration 
 500 ppm-C initial FA concentration 
 
 The final set of experiments carried out was the most important in this study, as it was the 
visible light photo-reduction of Cd
2+
 with TiO2. Similar to the solar light photo-reduction 
experiments, the effects of: pH, visible light intensity, TiO2 concentration, and initial 
Cd
2+
 concentration were performed, to study their effect on the photo-reduction of Cd
2+
. 
In addition to these parameters the effects of: initial triethanolamine (TEOA) 
concentration and the initial eosin-y (EY) concentration for the percent removal of Cd
2+
 
were studied.  The highest percent removal of Cd
2+
 obtained was 98.18%.  
 
 Optimum conditions for the visible light irradiated photo-reduction experiments were 
obtained as:  
 
 pH 7 
 100 mW/cm2 visible light intensity 
 2 g/L TiO2 concentration 
 20 ppm initial Cd2+ concentration 
 0.2 M initial TEOA concentration 
 25 ppm initial EY concentration 
 
 The utilization of eosin-y as the TiO2 sensitizer enabled the use of TiO2 in the photo-
reduction of Cd
2+
 under visible light irradiation. The percent removal of Cd
2+
 obtained 
with visible light photocatalysis was comparative with that of the solar light 
photocatalysis. This indicates that dye-sensitization of TiO2 in the treatment of heavy 
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metals under visible light could be a competitive substitution for the uv photocatalysis 
process.  
This study has opened the doors for many researchers, to utilize visible light photocatalysis as a 
potential heavy metal removal technique in the field of wastewater treatment. With this study as 
the backbone, various improvements and/or modifications can be made in the process to enhance 
its efficiency. Some of the recommendations for future work are given below. 
 
6.2 Recommendations 
Recommendations for future studies based on the results obtained from this study are as follows:  
 To perform an optimization study for the parameters that were studied such as, pH, light 
intensity, TiO2 concentration, etc… This would provide an accurate set of optimum 
conditions for the photo-reduction experiments. 
 
 To study various methods for the disposal of the final solution produced from the 
experiments of this study. This solution contains TiO2, eosin-y, triethanolamine and 
Cd
0
.Therefore; a proper disposal method would ensure the effluent released to the 
environment is free from the toxic Cd
2+
 form.  
 
 To perform a comprehensive study on the photo-reduction of Cd2+ using eosin-y 
sensitized TiO2 under the complete solar spectrum. This would provide a complete 
understanding of the behavior of eosin-y sensitized TiO2 for the photo-reduction of Cd
2+
. 
 
 To perform a comprehensive study on Cd2+ photo-reduction in wastewater via visible 
light photocatalysis.   
 
 To study the effect of chlorophyll as a dye for dye-sensitization of TiO2 in visible light 
driven photocatalysis. 
 
 To perform comprehensive studies for the photo-reduction of other heavy metals such as 
zinc, chromium, lead, etc… utilizing eosin-y sensitized TiO2 and/or eosin-y sensitized 
Pt/TiO2.  
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Appendix  
Sample Calculations 
Preparation of 60 ppm-Cd
2+
 standard 
A 1000 ppm standard cadmium solution (Sigma, USA) was used to prepare the desired standard 
solutions. 
                 
  
 
              
  
 
          
          
    
    
  
  
   
  
      
     
  
 
       
Therefore, to obtain 60 ppm-Cd
2+
 in 20 mL volume, 1.2 mL Cd
2+
 standard was mixed in 18.8 mL 
milli-Q water.  
 
Percent removal of Cd
2+
 after 1.5 h of adsorption  
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        [    ]
     
                        
               
       
            
 
Color change observed during the photo-reduction of Cd
2+
 with EY/TiO2 catalyst. 
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